Little is known about the distribution of cardiac ryanodine receptor (RyR2) and its functional correlation in living cells. Results: Imaging live GFP-tagged RyR2 cardiomyocytes revealed Ca 2ϩ sparks originated exclusively from RyR2 clusters distributed along z-lines and transverse tubules. Conclusion: The distribution of RyR2 clusters determines the spatial profile of Ca 2ϩ release. Significance: RyR2 cluster distribution is an important determinant of Ca 2ϩ release in the heart.
Excitation-contraction coupling in cardiac muscle cells occurs via a mechanism known as Ca 2ϩ -induced Ca 2ϩ release (1, 2) . In this process, depolarization of the transverse tubular membrane activates the voltage-dependent L-type Ca 2ϩ channel, resulting in a small influx of Ca 2ϩ into the cytosol. This Ca 2ϩ entry then triggers a large Ca 2ϩ release from the sarcoplasmic reticulum (SR) 2 by opening the cardiac ryanodine receptor (RyR2) channel located in the SR membrane and, subsequently, muscle contraction (1, 2) . Hence, RyR2 acts as a Ca 2ϩ amplifier during Ca 2ϩ -induced Ca 2ϩ release. A potential problem with this Ca 2ϩ amplification process is that Ca 2ϩ efflux from the SR could further activate RyR2 and Ca 2ϩ release. Such positive feedback would lead to regenerative Ca 2ϩ release. However, Ca 2ϩ release from the SR in normal heart cells is graded and tightly controlled (3) (4) (5) (6) (7) (8) (9) . How heart cells are able to achieve graded and stable amplification of Ca 2ϩ influx via the positive feedback process of Ca 2ϩ -induced Ca 2ϩ release is not completely understood.
The distribution of RyR2 in cardiomyocytes is believed to play a critical role in achieving the gradation and stability of Ca 2ϩ -induced Ca 2ϩ release. RyR2 proteins are organized in the form of clusters in cardiomyocytes. These RyR2 clusters represent the elementary Ca 2ϩ release units (5-7, 10 -14) . Activation of these elementary Ca 2ϩ release units (RyR2 clusters) produces elementary Ca 2ϩ release events, known as Ca 2ϩ sparks (3, 11, (15) (16) (17) . The spatiotemporal summation of these Ca 2ϩ sparks is thought to underlie the global Ca 2ϩ transients (15) . The gradation of SR Ca 2ϩ release in response to Ca 2ϩ influx could then be achieved by recruiting various numbers of Ca 2ϩ release units (3, 11, 16 -18) .
The distribution and organization of RyR2s in cardiomyocytes have been extensively investigated (19 -23) . It has been shown that RyR2 clusters are associated with transverse tubular membranes located along z-lines (14, 19, 24, 25) . Interestingly, a significant portion of RyR2 clusters (ϳ20%) was found to be located between z-lines (26) . These RyR2 clusters located in the middle of the sarcomere are thought to play an important role in the propagation of Ca 2ϩ transients (27) . However, other studies showed that nearly all RyR2 clusters are co-localized with ␣-actinin (28, 29) , a marker of the z-line. The reason for this discrepancy is unclear. It is important to note that nearly all studies on RyR2 distribution in cardiomyocytes were carried out in fixed and/or permeabilized cells or tissues using immunostaining with anti-RyR2 antibodies. It is unclear whether cell or tissue fixation and/or permeabilization would alter the distribution and organization of RyR2. It is also uncertain whether the anti-RyR2 antibodies used recognize RyR2 unrelated epitopes. These concerns warrant the need to study the distribution of RyR2 directly in a more physiological setting.
Information on the distribution of functional groups of RyR2s is also lacking. It is unclear whether the distribution of functional groups of RyR2s correlates with that of RyR2 clusters detected in fixed, permeabilized cardiac cells. Using mitochondria as markers, Lukyanenko et al. (26) showed that most of the Ca 2ϩ sparks (functional groups of RyR2s) were detected in regions between mitochondria, where z-lines are thought to be located. However, a significant portion of Ca 2ϩ sparks was also detected in regions near the middle of mitochondria. These indirect studies suggest that functional groups of RyR2s may exist between z-lines in the middle of sarcomere. However, a direct correlation between Ca 2ϩ sparks and RyR2 clusters has yet to be demonstrated.
To circumvent these potential problems with respect to antibody specificities or sample handling, we generated a knock-in mouse model expressing a GFP-tagged RyR2. Using confocal fluorescence imaging, we directly determined the distribution of RyR2 clusters in live cardiomyocytes isolated from the GFP-RyR2 mice. We found that nearly all GFP-RyR2 clusters were localized to the z-line zone and associated with transverse, but not longitudinal, tubules. On the other hand, GFP-RyR2 clusters were not co-localized with mitochondria, although they are in close proximity. Co-detection of GFP-RyR2 clusters and Ca 2ϩ sparks revealed that Ca 2ϩ sparks originate exclusively from RyR2 clusters. These studies shed novel insights into the distribution of RyR2 clusters and its functional correlation in living cardiomyocytes.
Experimental Procedures
Generation of a Knock-in Mouse Model Expressing a GFPtagged RyR2-A genomic DNA phage clone containing part of the mouse cardiac ryanodine receptor gene was isolated from the lambda mouse 129-SV/J genomic DNA library (Stratagene) and used to construct the RyR2 GFP knock-in targeting vector. This genomic DNA fragment (ϳ15 kb) was released from the lambda vector by NotI and subcloned into pBluescript to form the RyR2 genomic DNA plasmid. PCR-based site-directed mutagenesis was performed to generate a 660-bp DNA fragment containing the AscI site inserted after residue Thr-1366 using the RyR2 genomic DNA plasmid as a template. The GFP flanked by glycine-rich linkers was inserted into this fragment via the AscI site. A 5.7-kb NotI-BamHI fragment was then subcloned into the targeting vector that contains a neomycin selection cassette flanked by FRT sites using NotI and BamHI to form the 5Ј arm. A 5.4-kb SalI-XhoI fragment was inserted into the targeting vector to form the 3Ј arm. All PCR fragments used for constructing the targeting vector were confirmed by DNA sequencing. The targeting vector was linearized with NotI and subsequently electroporated into R1 embryonic stem (ES) cells. G418-resistant ES clones were screened for homologous recombination by Southern blotting using an external probe. Briefly, genomic DNA was extracted from G418-resistant ES cell clones. ES cell DNA was digested using NcoI, separated on a 0.8% (w/v) agarose gel, and subsequently blotted onto a nitrocellulose membrane. A DNA probe (ϳ700 bp) was generated by PCR from mouse genomic DNA using the specific primers 5Ј-GAGGAAGTACAGATCAGTTCTTA-3Ј (forward) and 5Ј-AGCCTAGAGA CTTTCCCTTTCAC-3Ј (reverse). The PCR product was subsequently radiolabeled using [ 32 P]dCTP by random priming (Invitrogen). DNA blots were hybridized with the radiolabeled probe and visualized by autoradiography. Eight positive homologous recombinants were detected of 780 ES cell clones, two of which were microinjected into blastocysts from C57BL/6J mice to generate male chimeras. Male chimeras were bred with female 129sve mice to generate germ line-transmitted heterozygous GFP-RyR2-neo knock-in mice. GFP-RyR2-neo male mice were bred with female mice that express Flp recombinase to remove the selectable marker (the neomycin-resistant gene, neo). The genotypes from F1 generation without neo were determined by PCR using DNA from tail biopsy specimens using the DNeasy tissue kit from Qiagen and the DNA primers PRIMER1 (5Ј-ATATCACTCCTAGACAT-ACCCTCA-3Ј, forward), PRIMER2 (5Ј-CTTCAGCTCGAT-GCGGTTCAC-3Ј, forward) and PRIMER3 (5Ј-AGACCAGA-CAAGCCATCACACTA-3Ј, reverse).
Isolation and Fixation of Ventricular Myocytes-Ventricular myocytes were isolated using retrograde aortic perfusion as described previously (30) . Isolated cells were kept at room temperature in Krebs-Ringers-HEPES (KRH) buffer (125 mM NaCl, 12.5 mM KCl, 25 mM HEPES, 6 mM glucose, and 1.2 mM MgCl 2 , pH 7.4) containing 20 mM taurine, 20 mM 2,3-butanedione monoxime, 5 mg/ml albumin, and 0.5-1 mM free Ca 2ϩ until use. A portion of the isolated cells from the same mouse heart was fixed by 4% (w/v) paraformaldehyde in Ca 2ϩ free KRH solution for 10 min at room temperature. Excess paraformaldehyde was removed by washing with KRH containing glycine (0.5 M). The fixed cells were kept in KRH buffer and stored at 4°C until use.
Staining of Live Cardiomyocytes-Live ventricular myocytes were stained with 3 M di-8-ANEPPS (Invitrogen) or 2 M MitoTracker Red-FM (Invitrogen) in KRH buffer containing 0.5-1 mM Ca 2ϩ for 5-20 min at room temperature. The stained cells were washed three times for 5 min each with KRH solution containing 0.5-1 mM Ca 2ϩ and kept at room temperature until use.
Cell Permeabilization-Fixed ventricular myocytes were permeabilized with 1% (v/v) Triton (EMD Millipore) in KRH solution for 1 h. The permeabilized cells were washed three times and blocked with BlockAid blocking solution (Molecular Probes) overnight at 4°C. Myocytes were washed again and incubated with primary monoclonal anti-␣-actinin antibody (A7811; Sigma) diluted to 250 ng/ml in blocking solution for 1 h at room temperature. Cells were then washed three times for 10 min each in blocking solution before incubated with a secondary antibody (4 ng/ml), Alexa Fluor 633-conjugated anti-mouse goat IgG (HϩL) (Molecular Probes), for 45 min at room temperature. After further washes with KRH buffer three times for 10 min each, cells were kept in Ca 2ϩ free KRH at 4°C until imaging.
Single Cell Imaging of GFP-RyR2 Clusters, Mitochondria, Transverse/Longitudinal Tubules, and ␣-Actinin in Isolated Ventricular Myocytes-All imaging of live isolated ventricular myocytes was performed within 4 -6 h after cell isolation. Isolated myocytes were placed onto laminin-coated micro glass coverslips (VWR, no. 1). After 5-10 min, unattached myocytes were gently removed via KRH buffer exchange (0.5-1 mM Ca 2ϩ ). Cells were then staged onto the microscope for confocal imaging. Cell integrity was tested by pacing at 2-3 Hz. Only cardiomyocytes that followed electrical pacing were selected for subsequent live cell imaging. Fixed and permeabilized cardiomyocytes were transferred onto noncoated micro glass coverslips (VWR, no. 1) and allowed to settle to the coverslip for at least 10 min before imaging. Images were acquired with an inverted Nikon A1R scanning confocal microscope system equipped with a Nikon 60ϫ/numerical aperture 1.2 Plan-Apochromat water immersion objective and selective excitation and emission filters. Excitation light was provided by argon (488 nm; Coherent Sapphire), yellow diode (561 nm; Coherent Sapphire), and red diode (635 nm; Coherent Sapphire) lasers to detect GFP (maximum excitation of 488 nm and maximum emission of 510 nm), di-8-ANEPPS (maximum excitation of 488 nm and maximum emission of 630 nm), MitoTracker Red-FM (maximum excitation of 581 nm and maximum emission of 644 nm), and Alexa Fluor 633-conjugated secondary antibody (maximum excitation of 630 nm and maximum emission of 650 nm). Basic image processing and spectral fluorescence unmixing for co-detection and analysis of GFP and di-8-ANEPPS fluorescence signals were performed using the NIS Elements AR 4.13 software (Nikon).
Line Scanning Confocal Imaging of Individual Ca 2ϩ Sparks in GFP-RyR2 Ventricular Myocytes-Ventricular myocytes isolated from GFP-RyR2 mice were loaded with Rhod-2 AM (5 M; Invitrogen) for 20 min at room temperature. The cells were then washed with KRH buffer three times and transferred onto laminin-coated cover glasses (VWR, no. 1). After mounted onto the detection stage, they were superfused with KRH solution containing 1.8 -2 mM free Ca 2ϩ at 35-37°C. Confocal line scan Ca 2ϩ imaging was performed to record individual Ca 2ϩ release events using the Nikon A1R confocal microscope system equipped with a Nikon 60ϫ/numerical aperture 1.2 Plan-Apochromat water immersion objective. Images of Ca 2ϩ release events were acquired at a sampling rate of 1.8 -1.9 ms/line along the longitudinal axis of the myocytes in the line scan mode.
Monitoring Mitochondrial and Cytosolic Ca 2ϩ in Ventricular Myocytes Isolated from GFP-RyR2 Knock-in Mice-Ventricular myocytes were loaded with Rhod-2 AM (2.5-5.0 M) at 4°C for 75 min to facilitate loading of Rhod-2 AM to mitochondria as previously described (31) (32) (33) . Cytosolic Rhod-2 dye was removed through incubation at 37°C for 3-4 h until a clear mitochondrial pattern of Rhod-2 labeling was observed. The cells were then superfused with KRH buffer containing 3 mM extracellular Ca 2ϩ and paced at 3 Hz for 30 -60 s. The fluorescence signals of GFP and Rhod-2 were co-detected using confocal fluorescence microscopy. For monitoring cytosolic Ca 2ϩ level, the Rhod-2-loaded cells were incubated with Fluo-4 AM (2.5-5 M) in KRH buffer containing 0.5 mM Ca 2ϩ for 25 min at room temperature. The Fluo-4/Rhod-2-loaded cells were then washed and superfused with KRH containing 3 mM extracellular Ca 2ϩ and paced again at 3 Hz for 30 -60 s. The fluorescence signals of Fluo-4, GFP, and Rhod-2 were co-detected using confocal fluorescence microscopy.
Computational Image Analysis-All image processing and detection methods were implemented using MATLAB (The Mathworks Inc., Boston, MA).
RyR2 Segmentation-GFP-RyR2 x-y images were processed as follows. First, a histogram-based normalization procedure was applied to the images to adjust the range to the background fluorescence level. The normalization ensured that the resulting images were not affected by outlier pixels in the image. Noise filtering and GFP-RyR2 enhancement was performed by applying a two-dimensional convolution using a Gaussian template with a value of ϳ1 m (twice the diameter of the microscope's point spread function). The resulting convolved image was rescaled to the interval [0.1], and all regions above 0.5 were marked as candidates for GFP-RyR2. Regions smaller than 0.1 m 2 were discarded, and regions containing more than one local maxima (because of noise) were smoothed by means of a median filter until left with a single central maxima. Spatial resolution ranged from 0.03 to 0.1 m.
Cluster Size Measurement-For each detected GFP-RyR2 cluster, cluster size was defined as the distance at which the intensity decays to 80% of its maximum, measured by Gaussian fits to eight cross-sections of the cluster taken in angular increments of 45°.
Automated Spark Detection and Localization-Line scan images were normalized using a time-dependent basal fluorescence level to correct for temporal drifts in the basal fluorescence. Sparks were detected from the normalized images by using a custom watershed segmentation method with a size-dependent stopping rule. Background noise was estimated to filter sparks using amplitude thresholding. Sparks producing a goodness of fit in the exponential decay fit Rˆ2 Ͻ 0.85 were excluded from the analysis. All detected sparks were validated manually. The distance from the spark initiation focus to the nearest RyR2 cluster was measured.
Statistical Analysis-All values shown are means Ϯ S.E. unless indicated otherwise. To test for differences between groups, we used unpaired Student's t tests (two-tailed). A p value of Ͻ0.05 was considered to be statistically significant.
Results

Generation of a Knock-in Mouse Model Expressing a GFP-
tagged RyR2-To study the distribution of RyR2 clusters and the correlation of their distribution to function in living cells, we generated a knock-in mouse model expressing a GFPtagged RyR2 (Fig. 1A) . The GFP was inserted into RyR2 after residue Thr-1366 ( Fig. 1B) . To minimize potential steric hindrance, the GFP sequence was flanked by 10-residue Gly-rich linkers on both sides of the GFP (Fig. 1B) . The three-dimensional location of the inserted GFP was mapped previously to subdomain 6 in the "clamp" region of the three-dimensional structure of RyR2 (Fig. 1C) (34) . The GFP-tagged RyR2 formed caffeine-and ryanodine-sensitive functional Ca 2ϩ release channel (34) , indicating that the insertion of GFP did not grossly alter the structure and function of the RyR2 channel. We also did not observe gross defects in the GFP-tagged RyR2 mice.
Distribution of RyR2 Clusters in Live and Fixed Ventricular
Myocytes-To determine the distribution of RyR2 in living cells, we isolated ventricular myocytes from GFP-RyR2 mouse hearts in the presence of low concentrations of Ca 2ϩ (0.5-1.5 mM) to minimize spontaneous contraction. The GFP fluorescence signal was then detected using a confocal microscope in a line scan mode. As shown in Fig. 2 , GFP-RyR2s were clearly detected as highly organized discrete clusters in the interior and at the periphery of the cell (Fig. 2) . A majority of these clusters were distributed in highly ordered transverse rows with an average spacing of 1.88 m ( Fig. 2a and Table 1 ). Some of the GFP-RyR2 clusters were dislocated, particularly within or near the perinuclear region ( Fig. 2b) or in other regions of the cell (Fig. 2c) . These observations are consistent with those reported previously (19 -23) . We also detected intercalated GFP-RyR2 clusters at the periphery of isolated live ventricular myocytes (Fig. 2d ), similar to those described previously in fixed cardiac cells (22, 23) . To ascertain whether the fixation procedure commonly used in immunostaining studies of RyR2 distribution in cardiac cells would alter the distribution of RyR2 clusters, we repeated the confocal imaging studies on isolated, fixed ventricular myocytes from the GFP-RyR2 mouse heart (Fig. 3) . The overall dis-tribution, distance between rows of GFP-RyR2 clusters, the nearest distance, and the GFP-RyR2 cluster size in live and fixed ventricular myocytes were found to be similar (Table 1) . Thus, fixation does not significantly alter the distribution of RyR2 clusters in ventricular myocytes. It should be noted that no 
TABLE 1 GFP-RyR2 cluster distribution in live and fixed ventricular myocytes
The properties of GFP-RyR2 cluster distribution were determined from confocal fluorescence images of live and fixed ventricular cardiomyocytes isolated from the same GFP-tagged RyR2 knock-in mice. The data shown are means Ϯ S.E. AUGUST 14, 2015 • VOLUME 290 • NUMBER 33 green clusters were detected in wild type ventricular myocytes (not shown).
Longitudinal distance between GFP-RyR2 cluster rows
Mean nearest neighbor
Mean cluster radius
Distribution and Function of GFP-RyR2 in Cardiomyocytes
Localization of RyR2 Clusters in the z-line Zone in Ventricular
Myocytes-It has been proposed that a significant portion (ϳ20%) of RyR2 clusters is associated with the network SR and that these network SR-associated RyR2 clusters are located between z-lines (26) . To directly determine the distribution of RyR2 clusters in relation to the z-line, we marked the z-line zone in fixed ventricular myocytes isolated from the GFP-RyR2 mouse heart by using an anti-␣-actinin antibody, a commonly used marker for z-lines. Staining with the anti-␣-actinin antibody revealed the z-line zone in a typical striated pattern (Fig. 4,  A and a) . Interestingly, regions with dislocated or coiled z-lines were frequently detected (Fig. 4, A and b) , similar to those reported previously (28, 29) . The distribution of GFP-RyR2 clusters in the same cell is shown in Fig. 4B . The merged image of ␣-actinin staining and GFP-RyR2 signals is shown in Fig. 4C . Remarkably, nearly all GFP-RyR2 clusters are localized within the z-line bands of ␣-actinin staining (Fig. 4, C and a) , even in regions with dislocated or coiled z-lines ( Fig. 4, C and b) . There are only a few GFP-RyR2 clusters (ϳ0.6%) that were detected between z-lines. Therefore, these observations suggest that RyR2 clusters nearly strictly follow the z-lines.
Co-localization of RyR2 Clusters with the Tubular System in Ventricular Myocytes-Previous immunostaining studies showed that RyR2 clusters were co-localized with both transverse and longitudinal tubules in fixed cardiomyocytes (25, 26, 35) . To determine whether GFP-RyR2 clusters are co-localized with transverse and/or longitudinal tubules in living cells, we labeled the tubular-system in ventricular myocytes isolated from the GFP-RyR2 mouse heart with the di-8-ANEPPS dye. We then simultaneously detected the GFP and di-8-ANEPPS signals using confocal spectral imaging. As shown in Fig. 5A , the di-8-ANEPPS dye labeled the sarcolemma, and the transverse (Fig. 5A, panel a) and longitudinal tubules (Fig. 5A, boxes b and c), similar to those reported previously (25, 29, 35, 36) . Fig. 5B shows the distribution of GFP-RyR2 clusters. Merging the GFP signals with those of di-8-ANEPPS revealed that nearly all the GFP-RyR2 clusters were co-localized with the transverse tubules (Fig. 5C, boxes a and b) . Only few GFP-RyR2 clusters (Ͻ0.1%) were associated with the longitudinal tubules in a given confocal image of an entire cell (Fig. 5C, box c ), similar to that described previously (29, 35) . Therefore, RyR2 clusters are primarily co-localized with transverse, but not longitudinal tubules.
Relative Distribution of RyR2 Clusters and Mitochondria in Ventricular Myocytes-It has been suggested that there is a tight Ca 2ϩ transmission between mitochondria and SR via RyR2s (37) . It is of interest then to examine the relative distribution of RyR2 clusters and mitochondria. To this end, we labeled the mitochondria using the MitoTracker Red dye in isolated ventricular myocytes from the GFP-RyR2 mutant heart. The GFP and MitoTracker Red signals were then simultaneously detected using confocal line scan imaging. The distribution of mitochondria and GFP-RyR2 clusters is shown in Fig. 6 (A and B, respectively) . Interestingly, GFP-RyR2 clusters were located in regions between mitochondria (Fig. 6C, box a) . Some GFP clusters were located in regions without mitochondria ( Fig. 6C, boxes b and c) . These results suggest that RyR2 clusters are not co-localized with mitochondria, although they are in close proximity with each other.
Co-localization of GFP-RyR2 Clusters and Ca 2ϩ Sparks in Ventricular Myocytes-Previous studies showed that Ca 2ϩ sparks primarily occurred along z-lines where RyR2 clusters were thought to be located (24, 38) , suggesting that Ca 2ϩ sparks originate from RyR2 clusters. To directly correlate the occurrence of Ca 2ϩ sparks and the location of RyR2 clusters, we simultaneously recorded GFP and Ca 2ϩ spark signals in ventricular myocytes isolated from GFP-RyR2 mouse hearts using confocal line scan imaging. As shown in Fig. 7 , GFP-RyR2 clus- ters were depicted as green bands in the line scan images (middle green panel). Spontaneous Ca 2ϩ sparks were clearly detected as brief, localized small Ca 2ϩ transients (top panel). Close examination of the line scan image showed that all Ca 2ϩ sparks were initiated within the green bands (bottom panel).
To quantify the distribution of Ca 2ϩ sparks (n ϭ 447) in relation to GFP-RyR2 clusters, we measured the distance from spark initiation sites to the center of the nearest GFP-RyR2 cluster (Fig. 8, A and B) . We found that 99.6% of Ca 2ϩ sparks were initiated within the mean GFP-RyR2 cluster size. Only 0.4% of Ca 2ϩ sparks (2 of 447) were initiated outside the mean GFP-RyR2 cluster size (Fig. 8C) . One off center Ca 2ϩ spark was located very close to the boundary of the GFP-RyR2 cluster (Fig.  8D, panel a) . The other off center Ca 2ϩ spark was detected in a region with an irregular distribution of GFP-RyR2 clusters (Fig.  8D, panel b ). Hence, it is possible that this single off center Ca 2ϩ spark may come from an out of focus, misregistered GFP-RyR2 cluster. Therefore, simultaneous detection of GFP-RyR2 clusters and Ca 2ϩ sparks reveals that Ca 2ϩ sparks exclusively originate from the RyR2 clusters. Because nearly all GFP-RyR2 clusters are localized along z-lines ( Fig. 4) , the lack of Ca 2ϩ sparks between GFP-RyR2 clusters indicates that Ca 2ϩ sparks are unlikely to occur between z-lines.
Influence of Ca 2ϩ Release from GFP-RyR2 Clusters on Mitochondrial Ca 2ϩ Level in Ventricular Myocytes-Considering that GFP-RyR2 clusters are not co-localized with mitochondria ( Fig. 6) , it is of interest to determine whether Ca 2ϩ release from GFP-RyR2 clusters could influence the Ca 2ϩ level in mitochon-dria. To monitor mitochondrial Ca 2ϩ level, we loaded the GFP-RyR2 ventricular myocytes with Rhod-2 AM using the protocol of Trollinger et al. (32) with cold loading followed by warm incubation. As shown in Fig. 9A , we observed a pattern of Rhod-2 loading similar to that of MitoTracker Red staining ( Fig. 6 ), suggesting Rhod-2 loading to mitochondria as reported previously (31) (32) (33) . Like the relative distribution of GFP-RyR2 clusters and MitoTracker Red staining ( Fig. 6 ), GFP-RyR2 clusters are also not co-localized with Rhod-2 labeling (Fig. 9, B and C). To promote the occurrence of Ca 2ϩ sparks, we electrically stimulated the GFP-RyR2 ventricular myocytes at 3 Hz in the presence of elevated extracellular Ca 2ϩ (3 mM) and monitored mitochondrial Ca 2ϩ level during and after the cessation of stimulation. We observed beat to beat mitochondrial Ca 2ϩ transients during stimulation ( Fig. 9, D-F) . However, after cessation of stimulation, we could not detect significant local, transient elevations of Ca 2ϩ or Ca 2ϩ sparks in regions corresponding to either mitochondria or GFP-RyR2 clusters (Fig. 9D ). On the other hand, Ca 2ϩ sparks were readily detected after loading the cells with Fluo-4 AM (Fig. 9G) . These observations suggest that Ca 2ϩ release from GFP-RyR2 clusters in the form of Ca 2ϩ sparks does not seem to substantially influence mitochondrial Ca 2ϩ level.
Discussion
The present study investigates the distribution of RyR2 clusters and its function correlation in live ventricular myocytes using knock-in mice expressing a GFP-tagged RyR2. Nearly all studies on RyR2 distribution in cardiac cells have been carried out in fixed/permeabilized cells. It is unclear whether fixation and permeabilization could alter the distribution and organization of RyR2. To address this potential concern, we determined and compared the distribution of RyR2 clusters in live and fixed/permeabilized cardiomyocytes from GFP-tagged RyR2 mice. No differences in RyR2 distribution were detected between live and fixed cardiomyocytes. Furthermore, the distribution and organization of GFP-RyR2 clusters in live cardiomyocytes are very similar to those revealed by immunofluorescence labeling using anti-RyR2 antibodies. Thus, the fixation and permeation procedure is unlikely to grossly affect the distribution and organization of RyR2.
Our co-detection of GFP-RyR2 clusters and ␣-actinin, a commonly used marker for z-lines, revealed that virtually all GFP-RyR2 clusters are localized in the z-line zone. This strict co-localization of RyR2 clusters and the z-line zones has also been observed using fluorescent anti-RyR2 antibodies (28, 29) . Different from these observations, Lukyanenko et al. (26) reported that a significant portion of Ry2 clusters (ϳ20%) were located between z-lines in the middle of the sarcomere, although no direct co-localization of RyR2 clusters and z-lines was shown in their study. These RyR2 clusters located at sites away from the z-lines were thought to play an important role in the spread of Ca 2ϩ transients along the myofilaments (27) . Chen-Izu et al. (22) did find some RyR2 clusters located between two rows of RyR2 clusters at the periphery, but not in the interior, of isolated, fixed cardiomyocytes. Similarly, we also observed these intercalated GFP-RyR2 clusters at the periphery of isolated live cardiomyocytes. However, very few GFP-RyR2 clusters were detected between z-lines in the interior of the cell. The reason for this potential discrepancy is unclear. It is interesting to note that the distribution and organization of RyR2 clusters and z-lines are not always in a regular striated pattern in cardiomyocytes. There are regions in which both the RyR2 clusters and z-lines are dislocated. Some of the dislocated RyR2 clusters in one area of the cell appeared to be located between the z-lines of the adjacent area, but they were in fact strictly co-localized with the z-line bands of ␣-actinin despite their irregular patterns of distribution. Thus, some of the RyR2 clusters that appear to be located in the middle of the sarcomere may have resulted from dislocated or misregistered RyR2 clusters/z-lines. Ca 2ϩ sparks have been detected mainly along z-lines in cardiomyocytes (24, 38) . This is consistent with the distribution of RyR2 clusters along z-lines. However, Lukyanenko et al. (26) showed that a significant portion of Ca 2ϩ sparks occurred between z-lines, suggesting that functional groups of RyR2s may exist between z-lines or in the middle of the sarcomere. It is important to point out that in the study of Lukyanenko et al., mitochondria were used as an indirect structural marker for localizing the site of Ca 2ϩ sparks in relation to z-lines. Given the existence of dislocated RyR2 clusters/z-lines, it is unclear whether Ca 2ϩ sparks detected in the middle of the sarcomere truly originated from functional groups of RyR2 resided between z-lines. To determine whether Ca 2ϩ sparks occur between z-lines, we co-detected GFP-RyR2 clusters and Ca 2ϩ sparks simultaneously in GFP-RyR2 cardiomyocytes. We found no Ca 2ϩ sparks occurring between GFP-RyR2 clusters. Ca 2ϩ sparks originated exclusively from GFP-RyR2 clusters. Because nearly all GFP-RyR2 clusters are localized in the z-line zones, it follows that Ca 2ϩ sparks originated from GFP clusters would also be localized in the z-line zones. Thus, our data are inconsistent with the proposition that Ca 2ϩ sparks occur between z-lines.
Ventricular myocytes contain transverse and longitudinal tubules. RyR2 clusters were primarily co-localized with transverse tubules in fixed cardiac cells (29, 35) . Consistent with this, we also found that GFP-RyR2 clusters were mainly co-localized with the transverse tubules in live cardiomyocytes. Only a few GFP-RyR2 clusters were co-localized with the longitudinal tubules. There is also no close co-localization between RyR2 clusters and mitochondria in live cardiomyocytes. GFP-RyR2 clusters were detected in areas without mitochondria or were absent in a zone with mitochondria. Nearly all GFP-RyR2 clusters were located in regions that are devoid of mitochondria. In line with the lack of co-localization of GFP-RyR2 clusters and mitochondria, we could not detect significant local, transient elevations of mitochondrial Ca 2ϩ level as a result of Ca 2ϩ sparks from GFP-RyR2 clusters. Taken together, RyR2 clusters appear to follow the z-lines, but not the tubular system or the mitochondria.
In summary, in the present study, we employed a novel GFP-tagged RyR2 mouse model to directly visualize RyR2 clusters in live and fixed ventricular myocytes. The distribution of GFP-RyR2 clusters was similar in live and fixed cardiomyocytes. GFP-RyR2 clusters nearly strictly follow the z-lines and are closely associated with the transverse, but not longitudinal tubules. GFP-RyR2 clusters are located in areas that are devoid of mitochondria. Co-detection of GFP-RyR2 clusters and Ca 2ϩ sparks reveals that Ca 2ϩ sparks exclusively originate from RyR2 clusters. The GFP-RyR2 mice represent a useful model for studying the distribution, dynamics, and structure-function correlation of RyR2 clusters in the heart and other tissues in vivo.
